Grain sorghum (Sorghum bicolor L. Moench) is a drought tolerant C4 species capable of making use of limited available water supplies and is suitable for dryland crop rotations in the central Great Plains. In order for farmers to assess the production risk encountered when utilizing sorghum in rotations, a water use-yield production function would be useful. Previously published production functions vary widely in reported slope of the relationship between water use and grain yield, with many of those slopes being much less than expected for a C4 species. The objectives of this experiment were to determine a water use-yield production function applicable to grain sorghum grown in the central Great Plains and to use that production function with a long-term precipitation record to assess production risk. Sorghum water use and yield data were collected from 2006 to 2016 at Akron, CO and a production function was determined by linear regression to be yield [kg ha
Grain sorghum is a plant with the highly efficient C4 carboxylation pathway (Prasad et al., 2006; Rizal et al., 2014; Vadez, 2016) . It is the fifth most important cereal grain in the world, being grown in at least 73 countries throughout Africa, the Americas, and Asia (Upadhyaya et al., 2017) for food, feed, and biofuel (Propheter et al., 2010; Bell et al., 2013) . Within the United States, production is mainly concentrated in the Great Plains states of Nebraska, Kansas, Oklahoma, and Texas (https://www.nass.usda.gov/charts_and_maps/Crops_County/as-pl.php) where it has long been considered an adapted crop for dryland rotational systems because of its perceived drought tolerance (De Camargo and Hubbard, 1999; Assefa et al., 2010) . But on the High Plains of northeast Colorado and the Nebraska Panhandle (elevation 1000 to 1400 m above msl) grain sorghum has a reputation among farmers of not being a suitable crop for regions north of US Interstate Highway I-70 (latitude 35 o 16' N) due to cool night temperatures which limit heat unit accumulation resulting in the growing season ending with a freeze prior to physiological maturity. Nevertheless, experiments have been conducted with grain sorghum production at the US Central Great Plains Research Station at Akron, CO since 2004 which indicate that the heat unit accumulation has been adequate for maturity to be reached in most years.
Crop water use-yield production functions are useful for quantifying the grain yield response to water consumed by the plant (Vaux and Pruitt, 1983; Varzi, 2016) and can be useful in assessing production risk (Ayer and Hoyt, 1981) . Linear relationships between grain sorghum water use and yield (water use-yield production functions) have been published for various locations in the past. Table 1 provides a number of previously published water production functions for grain sorghum in Texas, Kansas, Nebraska, California, South Africa, and Spain, as well as ones that we have constructed from yield and water use data provided in those publications. There is wide variation in both the slopes (11.1 to 34.4 kg ha -1 mm -1 , with both of those values occurring in studies conducted at Bushland, TX) and the x-axis offset (water use, -55 to 307 mm, also both at Bushland, TX) of those production functions. Previously reported production function slopes for corn, another C4 species, also have shown variability. Colaizzi et al. (2001) reported a slope of 22.4 kg ha -1 mm -1 in the Texas Panhandle; Nielsen et al. (2011) reported a slope of 25.7 kg ha -1 mm -1 in eastern Colorado; Payero et al. (2006) reported a slope of 28.0 kg ha -1 mm -1 in westThis paper will soon appear in Agronomy Journal (doi:10.2134 (david.nielsen@ars.usda.gov ) Howell et al., 1998; Musick and Dusek, 1980; Colaizzi et al., 2001) , and one year of data provided by Colaizzi et al. (2011) showed a slope of 37.6 kg ha -1 mm -1 over a water use range of 338-696 mm. The pioneering water use work reported by Shantz and Piemeisel (1927) indicated that grain sorghum was a crop with greater water use efficiency than most of the other crops that they studied. They reported grain sorghum water use efficiency that was 62% greater than corn water use efficiency.
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The differences in slopes and x-axis offsets of production functions have been attributed to a number of factors including timing of water stress (Faci and Fereres, 1980; Klocke et al., 2012; Garrity et al., 1982a,b) , plant population and hybrid (Hao et al., 2015; Garrity et al., 1982b) , crop residues on the soil surface and tillage (Stone and Schlegel, 2006; Klocke et al., 2012) , available nitrogen, etc. Perhaps one of the most important factors influencing production function slopes that are determined when factors other than crop water use are not limiting is the evaporative demand of the environment, with increasing evaporative demand resulting in a decrease in slope (Tanner and Sinclair, 1983; Musick et al. 1994; Stewart et al., 1977; Shantz and Piemeisel, 1927) . Faci and Fereres (1980) questioned the geographic transferability of yield-response functions due to evapotranspiration deficits. However, a previously reported winter wheat (Triticum aestivum L.) production function slope of 12.2 kg ha -1 mm -1
in Bushland, TX reported by Musick et al. (1994) is nearly identical to the production function slope of 12.5 kg ha -1 mm -1 in Akron, CO (565 km north of Bushland) reported by Nielsen et al. (2011) , and the corn production function slope of 25.7 kg ha -1 mm -1 at Akron, CO (Nielsen et al., 2011) is only 15% greater than the slope reported by Colaizzi et al (2001) of 22.4 kg ha -1 mm -1 , also from Bushland, TX. A water use/yield production function for grain sorghum has not been published from data collected in the northeast Colorado region of the High Plains. Such a relationship would be valuable to farmers in this region who wish to determine the risk involved in producing grain sorghum and could be used with long-term precipitation records to determine yield probabilities. Therefore, the objectives of this experiment were to determine the relationship between grain sorghum water use and grain yield at Akron, CO to define a water use/yield production function and to use that function to determine probabilities of yield based on long-term precipitation records and various levels of available soil water at planting. (National Cooperative Soil Survey, 2006) . The long-term experiment was established in the fall of 1990 and has been previously described by Anderson et al. (1999) , Bowman and Halvorson (1997) , and . Sorghum was grown in a winter wheat-sorghum-fallow rotation in which each phase of the rotation appeared every year. Individual plot size was 9.1 by 30.5 m with east-west row direction. Additionally, in 2016 a second rotation (winter wheat-flex-flex) also had a grain sorghum crop which appeared as the first flexible crop following the wheat crop. In this rotation the flexible crop choice was made based on an expected yield using the measured soil water at planting (Nielsen et al., 2016) . Each year of the study had three replications of the rotation treatments.
MATERIALS AND METHODS

Sorghum
All rotations were managed under no tillage management with weed control during both cropped and noncrop periods consisting of contact and residual herbicide applications applied at recommended rates. Herbicides used were glyphosate (N-phosphonomethyl)glycine); paraquat (1,1'-dimethyl-4,4'-bipyridinium dichloride); atrazine (1-chloro-3-ethylamino-5-isopropylamino-2,4,6-triazine); 2,4-D (2,4-dichlorophenoxyacetic acid); dicamba (3,6-dichloro-2-methoxybenzoic acid); fluroxypyr ([4-amino-3,5- 
Dates of planting, half-bloom, physiological maturity, harvest, and frost are given in Table 2 . Row spacing was 0.19 m for wheat. Sorghum was planted in a plant-two-skip-two skip-row geometry (Akwasi et al., 2010; Lyon et al., 2009) in years 2006 to 2015 where pairs of planted rows (0.76 m apart) were separated by a skip of 2.28 m. In 2016 sorghum row spacing was 1.52 m in a plant-one-skip-one geometry for the wheat-sorghum-fallow rotation and 0.76 m uniform row spacing for the wheat-flex-flex rotation. Wheat was planted at 66 to 73 kg ha -1 . Sorghum was planted at 74,500 seeds ha -1 . Sorghum hybrid Dekalb DKS29-28 (considered an early maturity hybrid) was planted in all years. Nitrogen was applied at sorghum planting at 67 kg N ha -1 . Harvest sample areas were approximately 41 m 2 . Sorghum grain yield is reported at 130 g kg -1 moisture content. Soil water was measured at two sites near the center of each plot. At each site four locations relative to the pair of planted rows were measured for the plant-two-skip-two plots in 2006 to 2015: 1) between the two planted rows, 2) 0.38 m from the planted row, 3) 0.76 m from the planted row, 4) 1.14 m from the planted row (in the middle of the skip). At each site in the plant-one-skip-one plot in 2016 there were also four measurement locations: one location was in a planted row and three locations were 0.38 m from a planted row. For the uniform 0.76 m row spacing used in the wheat-flex-flex rotation in 2016 the measurement location was centered between rows. Soil water was measured at each location at 0.3-m intervals using a neutron probe (Model 503 Hydroprobe, CPN International, Martinez, CA). The depth intervals were 0.3-0.6 m, 0.6-0.9 m, 0.9-1.2 m, 1.2-1.5 m, and 1.5-1.8 m, with the neutron probe source centered on each interval. Volumetric soil water in the 0.0-0.3 m surface layer was determined using time-domain reflectometry (Trase System I, Soil Moisture Equipment Corp., Santa Barbara, CA) with 0.3-m waveguides installed vertically approximately 40 cm from the neutron probe measurement site to average the water content over the entire layer. The neutron probe was calibrated against gravimetric soil water samples taken in the plot area. Gravimetric soil water was converted to volumetric water by multiplying by the soil bulk density for each depth. Bulk density was determined from the dry weight of the soil cores (38 mm diameter by 300 mm length) taken from each depth at the time of neutron probe access tube installation.
Available soil water at planting was computed by subtracting the lower limit of water availability at each soil water measurement depth (Ritchie, 1981; Ratliff et al., 1983 ) from the calculated volumetric water at that depth and multiplying the difference by the soil layer thickness (0.3 m). The lower limit of water availability at each of the six measurement depth intervals (0.110, 0.135, 0.087, 0.074, 0.079, 0.101 m 3 m -3 , respectively, for the 0.0-0.3 m surface layer down to the 1.5-1.8 m lowest layer) was determined previously in the plot area as the lowest volumetric water value observed for each crop over a period of several years (Nielsen et al., 2011) . The individual values of available water at each of the six depths in each plot were summed to give the profile plant-available soil water at each measurement location.
Full season water use was calculated as the difference between soil water readings at planting and physiological maturity plus growing season precipitation. All soil water readings across the various locations at both measurement sites in each plot were averaged together to get one value of plant available water for each plot. Precipitation was manually measured daily at two locations in the plot area and averaged. Runoff and deep percolation were assumed to be negligible. This was considered a reasonable assumption as the slope in the plot area was <1% and visual observations in the plot area following heavy rains did not show evidence of runoff. Also, analysis of the soil water changes over time at the three deepest measurement layers did not show any evidence of increasing soil water content that would indicate deep percolation.
In 2016 we attempted to extend the water use range of the data used for defining the water production function. We therefore established a second experiment (designated as SPF, approximately 650 m from the ACR experiment) in which sorghum was grown on the same soil type under four water levels (rainfed, and 50%, 75%, and 100% replacement of the prior week's water use). The irrigations were applied in strips (18 m by 91 m) for each watering treatment with a linear move irrigation system. Within each strip 11 plots (each 6.1 by 12.2 m) were established. At the center of each plot was a soil water measurement site at which soil water was measured as previously described. The first irrigation was applied on 23 June 2016 and the last irrigation was applied on 8 September 2016. Irrigation amounts were generally between 13 and 25 mm per application. The 11 water use and 11 yield values for each water treatment were averaged to give one value of water use and yield for each water treatment.
Weekly water use was estimated by using temperature, humidity, solar radiation, and wind speed data collected with an automated weather station (Hubbard et al., 1983) . These data were used with the REF-ET program (available at http://www.uidaho.edu/cals/kimberly-research-and-extension-center/water-resources/ref-et-softwarerequest-form) to calculate the grass reference Penman-Montieth evapotranspiration on a daily basis. A crop coefficient for sorghum based on growing degree days (Sammis et al., 1985) was applied to the weekly calculated reference evapotranspiration in order to estimate weekly crop water use. Soil water was measured and crop water use was calculated as described above for the ACR experiment. Row spacing was 0.76 m apart. Sorghum was planted at 113,600 seeds ha -1 . Sorghum hybrid Dekalb DKS29-28 was planted in this experiment as well. Nitrogen was applied at planting at 67 kg N ha -1
. Harvest sample areas were approximately 20 m 2 . Weed control was accomplished with pre-emergent application of atrazine, s-metolachlor ((s)-2-chloro-n-(2-ethyl-6-methylphenyl)-n-(2-methoxy-1-methylethyl) acetamide), and glyphosate.
Water use and yield data were analyzed by linear regression in order to define a production function. Cumulative exceedance probability graphs of plant available water at planting and yields estimated with the production function and the long-term precipitation record from Akron, CO were created as a tool for assessing production risk.
RESULTS
Water Production Function
The measured sorghum water use and yield data are shown in Fig. 1 . We decided to eliminate three points in the linear regression analysis to define the production function. The 2012 point from the ACR experiment was eliminated because of the severity of the drought during that growing season (Table 3 ). The growing season rainfall of 81 mm in 2012 was only 38% of the long-term average of 216 mm, and the August rainfall of 2 mm was only 4% of the long-term average of 55 mm. The available soil water content at planting in 2012 (111 mm) was the lowest recorded in the 11 years of the study. The two circled points from the 100% and 75% water replacement treatments in the SPF experiment conducted in 2016 were also omitted from the regression. Cultural practice recommendations for grain sorghum production in Wisconsin (Carter et al., 1989) and Kansas (Whitney, 1998) suggest that our fertilization rate of 67 kg N ha -1 was inadequate for the sorghum plants to take advantage of the greater water availability of the 75% and 100% water replacement treatments and why we consequently did not see yields increasing above 7800 kg ha -1
. Espinoza et al. (2005) indicated that non-water-stressed sorghum yields would be maximized (about 9500 kg ha -1 ) with nitrogen applications of about 180 kg N ha -1 . Tolk and Howell (2008) found a similar slowing of the response of grain sorghum yield to water use for water use values greater than about 500 mm and suggested that the maximum yield based on water use had been reached at that point, and that additional water use at this point was primarily soil water evaporation with little increase in yield due to transpiration. It is possible that at our dryland plant population the 75% and 100% water replacement treatments were providing water in excess of the crop water requirement resulting in increased evaporation compared with transpiration. However, this "tailing off" of the water use/yield response at water use values greater than 500 mm reported by Tolk and Howell (2008) was only seen for sorghum grown on clay loam soils and not on sandy loam. Another study from Bushland, TX (O'Shaughnessey et al., 2010) reported no such tailing off of the water use yield relationship at water use greater than 500 mm, but that study had a very high seeding rate (197,000 seeds ha -1 ) and a very high N application rate (240 kg N ha -1 ). For our study it is also likely that the grain sorghum produced under the two higher water treatments (two circled points in Fig. 1 ) did not reach physiological maturity as the non-water stressed condition of plants in these treatments would have delayed maturity beyond the 5 October freeze date (Tables 2, 3) . It is also possible that the sorghum hybrid used in this study, considered to be a short season hybrid, did not have a yield potential greater than 7800 kg ha -1 . With those three points omitted, the production function was determined to be:
The yield obtained in 2008 is clearly greater than would be expected for the 353 mm of water use measured, but is likely explained by the nearly ideal growing conditions that were observed that year. The available water at planting was 246 mm (22% greater than the 11-yr average for the study), the growing season precipitation of 263 mm was 122% of the long-term average, the precipitation during the critical month of August when flowering and early grain filling were occurring was 157 mm (286% of the long-term average), and there were only four days in August when the daily maximum temperature was greater than or equal to 35 o C. Maiti (1996) reported that the optimum temperature for grain sorghum during the reproductive growth stage is between 25 and 28 o C. Even though the 2008 data point in Fig. 1 is far above the production function line, omitting it from the regression analysis makes almost no difference to the defined production function which would have a slope of 32.0 kg ha -1 and a water use offset of 271 mm. The resulting line, if plotted in Fig. 1 , would fall nearly on top of the production function line presented in the graph.
Production Risk Assessment
In order to use the defined production function to assess production risk, we first used the measured available soil water at planting (2006 to 2016) to construct a cumulative probability exceedance graph (Fig. 2) . The figure shows the probability of starting the sorghum growing season with at least a given amount of stored available soil water. For example, the figure indicates that there is a 55% chance of having at least 211 mm of available soil water, but that there is an 80% chance of having at least 150 mm of available soil water at planting. We used the defined production function to estimate grain sorghum yield with water use estimated as growing season precipitation (5 June to 4 Oct) from 1908 to 2016 plus four levels of available soil water at planting (111, 151, 211, and 259 mm). The estimated yields are presented as a cumulative probability exceedance graph (Fig. 3) .
The graph indicates that the probability of achieving at least a 4000 kg ha -1 sorghum grain yield is 16% with 111 mm of available soil water at planting, 32% with 161 mm, 64% with 211 mm, and 92% with 259 mm. This figure can be useful for assessing the probability of achieving at least a given yield if the amount of plant available water is known prior to planting. However, in order to assess the correct probability of achieving at least a given yield if the starting plant available water is unknown, the probability of achieving that yield must be multiplied by the probability of achieving the stated available water at planting. Therefore, the true probability of achieving a 4000 kg ha -1 yield with 259 mm of available water at planting is 92% times 9%, or 8% (Fig. 4) . Even though the likelihood of achieving at least the 4000 kg ha -1 yield goal is very high with 259 mm of available water at planting (92%), the likelihood of having at least that much soil water available at planting is very low (9%) in the wheat-sorghum-fallow rotation. The actual probabilities of achieving at least a 4000 kg ha -1 yield in a wheat-sorghum-fallow rotation are 35% with 211 mm of available soil water at planting, 25% with 161 mm, and 16% with 111 mm of available soil water at planting (Fig. 4) . There is only a very small chance (7% or less) of obtaining a sorghum grain yield of 8000 kg ha -1 or greater using a wheat-sorghum-fallow rotation at Akron, CO regardless of the amount of plant available water at planting.
DISCUSSION
The water use-yield production function for grain sorghum grown in a winter wheat-sorghum-fallow rotation at Akron, CO was well defined (R 2 =0.73) by data collected over 11 years from a dryland cropping systems experiment and one year of a graded irrigation experiment after one severe drought year data point and two high irrigation treatment data points were omitted from the regression analysis. The production function slope (30.2 kg ha -1 mm -1 ) was what we would expect to see for a C4 plant species in this region, and 18% greater than the previously reported production function slope for corn at this location (25.7 kg ha -1 mm -1 , Nielsen et al., 2011) . This contrasts with the conclusion of Smith and Steduto (2012) that sorghum grain yield should be less responsive to water than corn. Rees and Irmak (2012) reported that in two years of a three year field study in south-central Nebraska water use efficiency of sorghum was 28 to 51% greater for sorghum than for corn. As stated earlier Shantz and Piemeisel (1927) also found sorghum to have a higher water use efficiency than corn. We remind readers that most of the data used to define the production function in our study came from sorghum grown in a plant-two-skip-two planting geometry and further studies might be necessary with conventionally planted sorghum to confirm the production function's applicability to that planting geometry.
The production function slope determined in the current study was greater than all of the previously determined slopes shown in Table 1 , except for the production function based on one year of data from Bushland, TX, reported by O'Shaughnessey et al. (2010) . Also the slope determined in the current study was more than double the slope of the production function derived from the two years of published data of Maman et al. (2003) at Sidney, NE, only 120 km north of Akron, CO. We consider the production function slope of 15.5 kg ha -1 mm -1 calculated from their data to be much too low for a C4 species in an environment with only about 6% less evaporative demand than Akron, CO (Kohler et al., 1959) . The Maman et al. (2003) data set resulted in an x-axis offset of only 55 mm whereas our data set produced a much larger offset of 259 mm but which was not greatly different from the offset of 232 mm reported for corn at Akron (Nielsen et al., 2011) . The ratio of grain sorghum production function slope (30.2 kg ha -1 mm -1 ) in the current study to previously published wheat slope (12.5 kg ha -1 mm -1 , Nielsen et al., 2011 ) is 2.4, which compares well with the ratio (2.1) of modeled production function slopes presented by Moberly (2016) for grain sorghum (28.0 kg ha -1 mm -1 ) and wheat (13.3 kg ha -1 mm -1 ) in Kansas. The wide range of production function slopes from the single location of Bushland, TX that we noted in Table 1 for grain sorghum studies (11.1 to 34.4 kg ha -1 mm -1 ) and in the text for corn studies (15.3 to 22.4 kg ha -1 mm -1 ) give some concern about whether a single production function for a given location is even possible to establish. O'Shaughnessey et al. (2014) provided a graph of sorghum water use and yield data from seven studies conducted at Bushland, TX from 1981 to 2011 and found that the data were essentially bounded by two production functions acquired in two adjacent years (2010 [kg ha -1 = 28.0 X (mm -229]; 2011 [kg ha -1 = 15.0 X (mm -478] ). The growing season conditions in 2011 were much hotter with much greater evaporative demand than in 2010 which likely accounts for the much lower slope in 2011. Yet the question remains, which of the many production functions determined from data sets acquired across the central and southern Great Plains should really be used as a yield estimation and risk assessment tool for a given location?
The consistency in the grain sorghum yield response to water use presented over the 11 years of the current study suggest that the stability of this relationship is sufficient to warrant its use as a yield prediction tool. The While the use of Figs. 2 and 3 allow for risk assessment of grain sorghum production, the use of the production function that generated the estimated yields used to construct Fig. 2 does not account for the influence of timing of precipitation and water stress on grain yield. As mentioned previously, a number of studies have shown that the panicle initiation through half-bloom stage is very sensitive to water stress, and stress during that period of time could greatly reduce grain yields below what would be estimated by the production function.
Applicability of the cumulative yield probability exceedance graph (Fig. 4) is most likely limited to sorghum grown in a wheat-sorghum-fallow rotation at Akron, CO. The production function is probably applicable to locations within 160 km of Akron, CO, but the cumulative probability exceedance graph for the plant available water at planting may only be applicable for sorghum following wheat in a wheat-sorghum-fallow rotation. We created an available soil water at corn planting cumulative exceedance probability graph (not shown) and it was noticeably different than Fig. 2 , particularly in the 160 to 240 mm range in which the probability of starting the corn growing season with a given amount of soil water in that range was much less than the probability of having the same amount of water available at sorghum planting, most likely due to the four to five week earlier planting for corn compared with grain sorghum and the resultant less time to accumulate soil water from precipitation events. Differences are also likely to be seen in these probabilities at different locations.
Nevertheless, Fig. 4 could be a useful tool for farmers in the Akron, CO area to assess risk in sorghum production in the wheat-sorghum-fallow rotation. In general, the probability of achieving a given yield or greater increases with plant available soil water up to a water level of 186 mm (top panel of figure) . For greater amounts of available soil water the pattern reverses (lower panel) and the probability decreases with increasing available soil water because the chances of having those greater amounts of soil water at planting become less than 75% (Fig. 2) . The chances of having greater than 245 mm of available soil water at sorghum planting is less than 20%.
CONCLUSIONS
A water use-yield production function for grain sorghum was defined for Akron, CO, from a broad range of water use and yield data over a period of 11 years. The slope of the production function is what would be expected for a C4 plant species in this region. Using the production function with a long-term precipitation record and several values of available soil water at planting, cumulative yield probability exceedance graphs were created. In order to assess the true risk of production for grain sorghum in this region of the Central Great Plains, the probabilities of having a given amount of available soil water at planting must be combined with the probabilities of producing a given yield based on the distribution of growing season precipitation. Both the production function and the probability exceedance graphs will be useful to farmers in assessing production risk as they consider incorporating grain sorghum into dryland crop rotations in the central Great Plains. 
